Linear alkylbenzenesulfonate (LAS) is the major synthetic surfactant in use worldwide (18) . In western Europe, for example, the current LAS disposal rate is 3.1 g/person/day (www .lasinfo.org), and this represents some 4% of the organic input into the sewerage system, where it is presumably the highestbulk compound to be degraded. Biodegradation of LAS was proven by Sawyer and Ryckman in 1957 (26) . Nonetheless, a complete degradative pathway for LAS, backed by scientific evidence, is only now becoming available. Thus, it took many years after the work of Sawyer and Ryckman (26) before the requirement for communities for degradation of the commercial product was recognized (15, 16, 33) . At that time, however, routine analytical-chemical methods for LAS-derived compounds were largely unavailable in microbiology laboratories (6, 22, 33) , and also the lack of pure cultures (14, 28, 30, 32) prevented advances. The first suggestions concerning community structure were, however, made (4, 5, 14, 39) .
Commercial LAS is ideally a mixture of 20 congeners (Fig.  1 ). These congeners are degraded to a mixture of sulfophenylcarboxylates (SPCs), sulfophenyldicarboxylates (SPdCs), and ␣,␤-unsaturated sulfophenylcarboxylates (SPC-2Hs) by Parvibaculum lavamentivorans DS-1 T in a pattern that confirms that the degradative pathway involves -oxygenation and ␤-oxidation (5, 30) , as first illustrated in mixed cultures by Eichhorn and Knepper (6) . This mixture of products is termed SP(d)C. Strain DS-1 T generates mainly 4-(4-sulfophenyl)hexanoate (4-C6-SPC) from 3-(4-sulfophenyl)dodecane (3-C12-LAS) (5, 28) . Cook and Hrsák (4) deduced a three-tier model for the degradation of LAS initiated by methanotrophic bacteria and completed by heterotrophic bacteria and for purely heterotrophic degradation in which SPdCs played an important role. This model is still valid for the defined methanotrophic community, but the organisms used were a very limited range of organisms (e.g., Delftia acidovorans SPB1) able to mineralize only one SPC, 2-(4-sulfophenyl)butyrate (2-C4-SPC), via 4-sulfocatechol and ortho ring cleavage with subsequent desulfonation (32) .
Here we report that two-tier, heterotrophic bacterial communities can completely degrade three LAS congeners, which we believe (in terms of degradative pathways) represent 8 of the 20 congeners of LAS. The first organism in each community is P. lavamentivorans DS-1 T (28, 30) , which yields one major and several minor products from each LAS congener. The second organism degrades one major SPC, the corresponding SPC-2H, and a second major SPC via oxygenation of the SPC and ortho cleavage of 4-sulfocatechol. Due to the relatively high specificity of SPC degradation, we concluded that a large community is needed to completely degrade all 20 congeners of commercial LAS, which may proceed via at least 11 major SPCs.
MATERIALS AND METHODS

Materials.
Commercial LAS (C 10 to C 13 ) with a mean side chain length of 11.4 carbon atoms (21) (Marlon A350) was provided by Hüls (Marl, Germany). The single LAS congeners 2-C10-LAS, 2-C12-LAS, and 2-C14-LAS (each Ͼ98% pure) were gifts from Petresa (Madrid, Spain), and 3-C12-LAS (about 95% pure) was made available by CONDEA-Vista (Austin, Tex.) (5) . Commercial LAS and the single LAS congeners were each prepared as a 10 mM stock solution in distilled water and diluted in minimal salts medium to obtain a final concentration of 1 mM; 10 mM 2-C14-LAS precipitated at room temperature and was redissolved by heating it to over 60°C (with a microwave oven) prior to dilution. Racemic 2-(4-sulfophenyl)butyrate (2-C4-SPC) was available in the laboratory (32) , and racemic 3-C4-SPC was synthesized by reacting sulfuric acid with the corresponding phenylcarboxylic acid, followed by recrystallization as described by Schulz et al. for synthesis of 2-C4-SPC (32) . The compound obtained was about 95% pure [the major by-product was 2-(2-sulfophenyl)butyrate], and its identity was confirmed by electrospray mass spectrometry (ES-MS) and nuclear magnetic resonance (32).
4-Sulfocatechol that was about 95% pure was kindly supplied by B. Feigel (8); the major impurity was 3-sulfocatechol. Agarose (ultrapure electrophoresis grade; FMC BioProducts) was used to solidify SPC-salts medium for selective plating. The starting materials for chemical synthesis were purchased from Fluka (Buchs, Switzerland), and the sources of routine chemicals have been given elsewhere (20, 32) .
Analytical methods. LAS and SPCs were routinely analyzed by gradient reversed-phase high-performance liquid chromatography (HPLC) coupled to a UV (diode array) detector with gradient system I (28). HPLC for mass spectrometry (gradient system II) and determination of LAS and SPC via ES-MS in the negative-ion mode were performed as described by Eichhorn and Knepper (6) . LAS and SPCs were tentatively identified by the m/z values of the ions formed from the deprotonated molecules, and the identities were confirmed when fragments with m/z values of 183 (4-styrenesulfonate) and 119 (4-styrenephenolate) were observed (6) . SPC-2Hs were detected by m/z values of the deprotonated molecular ions that were 2 U lower than those of the corresponding SPCs, and the identities were confirmed when the characteristic fragmentation pattern was observed, as follows: (i) loss of m/z 44 (elimination of CO 2 ), (ii) formation of ions at m/z 211, 209, and 195 (olefinic 4-benzenesulfonates), (iii) formation of an ion at m/z 145 (olefinic 4-benzenephenolate), and (iv) absence of a dominant ion from SPC species at m/z 183 (see above) (6) .
The separation of SPCs with HPLC gradient system II (UV detector) was less efficient than that with HPLC gradient system I. This was not a problem for HPLC-ES-MS identifications (gradient system II), in which individual ions were traced. However, comparisons between the routine separations when the biological experiments were done with gradient system I (as shown here) and the detailed analyses and identification in the liquid chromatography (LC)-MS laboratory required experience (for a comparison see reference 5). The most important comparisons of data between methods were made in experiments in which the SP(d)Cs were derived from individual congeners of LAS; here the chromatograms were simple enough and the relative amounts of different compounds were sufficiently different to allow robust identification of peaks from the UV detector to be made.
HPLC for enantioselective separation of R-4-C6-SPC and S-4-C6-SPC (gradient system III) was done by using a method adapted from the method of Schulz et al. (32) . Samples (100 l) were loaded onto a ␤-pm-Nucleodex column (200 mm; diameter, 4 mm; particle size, 5 m; Macherey Nagel, Düren, Germany) that was equilibrated with 100 mM potassium phosphate buffer (pH 6.0), and after 5 min a linear gradient to 50% methanol over 15 min was applied and maintained for 5 min. The R and S enantiomers eluted after 19.1 and 19.9 min, respectively, assuming that the same enantiomer (the R enantiomer in this case) of a homologous compound always eluted first (32) .
The total LAS and SPC concentrations in solutions were estimated photometrically by using A 220 and pure compounds (2-C12-LAS and 3-C4-SPC) as standards. Growth was expressed as optical density at 580 nm (OD 580 ) and was quantified as protein by using a Lowry-type reaction (17) . Sulfate was determined turbidimetrically by generating a suspension of BaSO 4 (34) . Substrate-dependent oxygen uptake by washed whole cells (or cell extracts) and the concomitant substrate degradation were determined as described elsewhere (27) . Anoxic cell suspensions were prepared as described elsewhere (27) . Purification of 2-C11-LAS. 2-C11-LAS was purified from commercial LAS by semipreparative HPLC by using a method adapted from the HPLC gradient system I method (see above). A semipreparative C 18 HPLC column (Ultraprep C18; 150 by 21.2 mm; particle size, 10 m; Beckman, Fullerton, Calif.) and a preparative HPLC system (Beckman System Gold, Preparative -Flow) were used in combination with a fraction collector set in the automated peak-cutting mode (Pharmacia LKB FRAC-100); LAS was detected at 260 nm. The flow rate was 5 ml/min, and the column was equilibrated with 65% 0.11 M sodium perchlorate (buffer A) and 35% acetonitrile. Portions (5 ml) of 1 mM commercial LAS (acidified to pH 2 with 1 M HCl) were injected in each run, and after 5 min the acetonitrile gradient was ramped to 70% in 5 min and to 75% in 10 min and then maintained at 75% for 10 min. LAS eluted as sets of peaks between 18 and 36 min; 2-C11-LAS eluted as a single peak at 26.5 min (Fig. 2A) , which was collected. The initial conditions were restored within 5 min, and the column was reequilibrated for 10 min prior to the next injection. Samples of 2-C11-LAS from 20 separations were pooled, the volume was reduced to one-third in a rotary evaporator at 60°C (by removal of acetonitrile), and the preparation was diluted in the same volume of distilled water prior to adjustment of the pH to 2 with 1 M HCl. The partially purified 2-C11-LAS was subjected to a second purification (as described above) to reduce impurities consisting largely of 3-and 4-C11-LAS. The fractions were pooled, and acetonitrile was removed as described above. The material was desalted by solid-phase extraction as described elsewhere (29) . The concentration of 2-C11-LAS was determined photometrically (220 nm) with 2-C10-LAS as the standard.
Growth conditions for strain DS-1 T . A mineral salts medium containing 50 mM potassium phosphate (pH 7.2) was used (37) , and strain DS-1 T was routinely grown with 1 mM commercial LAS (210 mg of dissolved organic carbon/liter) or an LAS congener(s) in buffered mineral salts medium that was supplemented with suspended glass particles (1 mg/ml) to allow growth of strain DS-1 T in the presence of the surfactant (28, 30) . The cultures were incubated at 30°C in the dark and were aerated on a roller when they were grown at the 3-ml scale (in 30-ml screw-cap tubes) or on an orbital shaker when they were grown at the 250-ml scale (in 1-liter Erlenmeyer flasks). When SPC-salts medium was to be generated, strain DS-1 T was grown with 2-C11-LAS, 2-C12-LAS, or 3-C12-LAS (or with commercial LAS), and effectively complete conversion of LAS to SPC after growth was confirmed by HPLC (gradient system I). Bacteria and glass particles were collected by centrifugation (10,000 ϫ g, 60 min, 4°C), and the supernatant fluid was filtered (pore size, 0.45 m) and autoclaved. This SPC-salts medium was used for carbon-limited enrichment of SPC-degrading bacteria (see below).
Enrichment and isolation of SPC-degrading bacteria. Enrichment cultures (3 ml) for bacteria able to utilize 3-C4-SPC or 4-C6-SPC as a sole source of carbon and energy for growth were grown in 1 mM SPC-salts medium incubated at 30°C on a rotary shaker in the dark; an untreated sample (30 l) from the aeration tank of a sewage works was used as the inoculum. The positive enrichments were subcultured several times in fresh selective medium. Bacteria were then plated on SPC-salts medium solidified with agarose (1%) and on agarose-salts medium with no additional carbon source (negative control), on which pinpoint colonies formed. A representative macrocolony from the SPC-salts medium was picked into the corresponding SPC-salts medium, and after growth was observed, substrate utilization was confirmed by HPLC (gradient system I). After several rounds of selective plating and picking, bacteria were plated on Luria-Bertani medium (9) to confirm the purity of the culture. The isolates were designated strain SPB-2 (from medium containing 3-C4-SPC) and strain SPH-1 (from medium containing 4-C6-SPC). Strain KF-1 was isolated essentially as described above, but the inoculum was biomass derived from a trickling filter able to mineralize commercial LAS (5) and the salts medium contained 6 mM 3-C4-SPC from chemical synthesis. The identity of each isolate was determined by the German Collection of Microorganisms and Cell Cultures (DSMZ) (Braunschweig, Germany) after sequencing of a partial 16S rRNA gene sequence, which was aligned and compared as described elsewhere (24, 25) .
Generation of growth curves. Samples were taken at intervals from 50-ml cultures, and the samples were used for HPLC analyses, for determination of sulfate, and for protein assays. Strain SPB-2, KF-1, or SPH-1 was grown in SPC-salts medium generated from LAS by using strain DS-1 T (see above). The culture medium used for growth of communities involving strain DS-1 T and an SPC degrader(s) in the presence of 1 mM LAS was supplemented with suspended glass particles (1 mg/ml) (28, 30) .
RESULTS
Formation of SPCs from commercial LAS and from individual LAS congeners during growth of strain DS-1
T . Strain DS-1 T grew with commercial LAS ( Fig. 2A , upper chromatogram; see Fig. 1 for structures), which essentially disappeared completely (Ͼ95%) ( Fig. 2A , lower chromatogram), yielding about 9 major peaks and at least 15 minor peaks (Fig. 2B ), which were shown in previous work to be SPCs, SPC-2Hs, and SPdCs (5, 28) . When a single congener of LAS (e.g., 3-C12-LAS) was used as the growth substrate, the congener disappeared, and a major product (4-C6-SPC) was formed, along with two minor products (Table 1) T and SPB-2 (C), after growth of strains DS-1 T and SPH-1 (D), and after growth of strains DS-1 T , SPB-2, and SPH-1 (E). The asterisk indicates 2-C11-LAS, which was isolated in this study. The numbers 4 to 9 in panel B indicate the chain lengths of the major SPCs formed. The letters a to d in panel E indicate peaks that represent identified major SPCs which were subject to degradation (a, 3-C4-SPC; b, 4-C5-SPC; c, 3-C5-SPC; d, 4-C6-SPC), whereas the arrows indicate the minor products (SPC-2Hs) which were degraded (see text). Analyses were done with HPLC gradient system I.
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degradation of 3-C12-LAS. 4-C6-SPC-2H showed a UV spectrum different from that of 4-C6-SPC (see below). Significant amounts of C5-SPC and C7-SPC were also detected, but they were attributed to the 5% impurities in the LAS (5, 6) . The mass spectral identification data (Table 1) confirmed previous data (5). The molar growth yield with 3-C12-LAS was 39 g of protein/mol of LAS, which confirmed previous data (28) and represented about 6 mol of C utilized/mol of LAS, because the normal growth yield is 6 g of protein/mol of C (2). Thus, there was mass balance in the growth experiment; 12 carbon atoms were recovered in the 4-C6-SPC, and the remaining 6 carbon atoms accounted for the cell material and its formation. When supplied with 1 mM 2-C10-LAS, 1 mM 2-C12-LAS, or 1 mM 2-C14-LAS in salts medium, strain DS-1 T generated 39, 47, or 61 g of protein/ml (each value is the mean of three experiments), and it produced the same major SPC in each case, as illustrated by an experiment with 2-C12-LAS (Fig. 3A) or all three congeners in growth medium (the results were indistinguishable from those in Fig. 3A ). This major product cochromatographed with authentic 3-C4-SPC and had the same UV spectrum as the authentic material, and the identification was confirmed by LC-ES-MS ( Table 1 ). The growth yields were consistent with this identification, because they indicated that there was utilization of 6, Ͼ7, and Ͼ 9 carbon atoms from the C10-LAS, C12-LAS and C14-LAS, respectively.
The major product from these three congeners was 3-C4-SPC, but as observed with 3-C12-LAS, there were several other products (Fig. 3A) . The peak at 10.3 min was a C6-SPC as identified by LC-ES-MS, and it could be separated from 4-C6-SPC (Table 1) , so it was presumably 5-C6-SPC (the SPC from the previous round of ␤-oxidation [SPCϩ2C]) (see Fig. 4 for a Interpretation derived from the LC-ES-MS data, the UV spectrum, the retention time, the substrate ranges of SPC-degrading isolates, and the concept that the substituent does not migrate on the chain.
b Only retention times clearly attributable to products resulting from degradation of the relevant LAS congener(s) are shown.
c Percentage of the total SPC peak area. d Derived from the LC-ES-MS signal. e The material probably arose largely from contaminants in the LAS. f The material showed a UV spectrum which differed from that of LAS and known SPCs (Fig. 5) .
g The data represent an evaluation of a new version of an experiment described by Dong et al. (5) .
h The product was presumably formed after an ␣-oxidation step (see Discussion). the structure), and it represented about 20% of the relevant products when a mixture of congeners 2-C10-LAS, 2-C12-LAS, and 2-C14-LAS (0.33 mM each) was utilized ( Table 1) . The peak at 7.4 min (Fig. 3A ) was shown to correspond to an ␣,␤-unsaturated C4-SPC by LC-ES-MS and was presumably 3-C4-SPC-2H (see Fig. 4 for the structure). The peak at 9.2 min (Fig. 3A) was a C5-SPC, as shown by LC-ES-MS, and the compound coeluted with 4-C5-SPC (see below). The impurities in the LAS were negligible, especially when the mixture of 2-C10-LAS, 2-C12-LAS, and 2-C14-LAS was used, and we presumed that the 4-C5-SPC was a minor product generated from 2-C10-LAS, 2-C12-LAS, and 2-C14-LAS. This is the first evidence of a trace of ␣-oxidation (see Discussion) in P. lavamentivorans DS-1 T . 2-C11-LAS from commercial LAS was available at a purity of about 80% (the major impurities were 3-C11-LAS, 4-C11-LAS, and 6-C12-LAS). Strain DS-1 T converted this material during growth to a major product (Fig. 3B , peak at 9.2 min) identified as a C5-SPC by LC-ES-MS (Table 1) , which we presumed to be 4-C5-SPC (see Fig. 1 for the structure). The product with a retention time of 8.7 min (Fig. 3B ) was an ␣,␤-unsaturated C5-SPC (Table 1) , presumably 4-C5-SPC-2H (Fig. 1) . The minor products observed in this experiment (Fig.  3B) were a C7-SPC (putatively 6-C7-SPC [ Fig. 1] ) (11.6 min), which was presumably formed from 2-C11-LAS, and a C4-SPC (7.9 min) of unknown origin. UV spectra of the SPC-2Hs. Previously, it was reported that the UV spectra of products from LAS resembled that of, e.g., 3-C4-SPC (Fig. 5A) (28) , and the SPCs identified in this work confirmed this (data not shown). However, with access to separated, low-quantity products, we observed that 3-C4-SPC-2H had a different UV spectrum (Fig. 5B) . The maxima and minima at higher wavelengths were consistent with a larger system of delocalized electrons, analogous to the delocalization in T and complete degradation of the major SPC (3-C4-SPC) by C. testosteroni strains SPB-2 and KF-1 (i.e., a two-tier bacterial community). Degradation is initiated by -oxygenation (reaction I) and oxidation (reaction II) of LAS to the corresponding SPC (5), which is considered to be thioesterified (reaction III) and to undergo ␤-oxidation (reactions IVa to IVd) until the reaction is hindered by the 4-sulfophenyl-substituent; the unsubstituted SPC is then excreted (reaction V). The SPC is apparently oxygenated (reaction VI), possibly via 4-sulfophenol, to 4-sulfocatechol, which is subject to ortho cleavage (reaction VII) and degradation (reaction VIII). Ac, acetyl; CoA, coenzyme A.
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4-sulfostyrene and its UV spectrum (Fig. 5C ). The UV spectrum of 4-C5-SPC-2H (maxima at 204 and 264 nm, minimum at 237 nm) was similar to that of 3-C4-SPC-2H (Fig. 5B) . Enrichment cultures for SPC-degrading bacteria. We enriched from municipal sewage sludge bacteria that were able to grow with 4-C6-SPC (major SPC from 3-C12-LAS) or with 3-C4-SPC (major SPC from 2-C12-LAS) as a sole source of carbon and energy. The growth of bacteria (mostly rods) in each enrichment culture was observed after 3 days, and no bacteria grew in the negative control (no carbon source). After several transfers into fresh medium, the cultures were plated on medium containing 4-C6-SPC (or 3-C4-SPC) solidified with agarose; agarose-salts medium without an added carbon source was used as the negative control. Growth of large colonies of bacteria (diameter, 3 mm) was observed on 4-C6-SPC (or 3-C4-SPC) plates, whereas pinpoint colonies were found on the negative control plates. Only the large colonies (rods) grew in selective liquid medium, in which we observed growth and substrate disappearance (as determined by HPLC). After several rounds of selective plating and picking, the culture was streaked on complex medium, on which homogeneous colony morphology was observed. Bacteria grew when they were transferred to selective medium, and they utilized the substrate.
The isolate which utilized 4-C6-SPC was designated strain SPH-1. It was a gram-negative, motile rod. The partial 16S rRNA gene sequence showed 100% sequence identity with that of Delftia acidovorans DSM 39 T . D. acidovorans SPH-1 was deposited in the DSMZ as DSM 14801.
The isolate which utilized 3-C4-SPC was designated strain SPB-2. It was a gram-negative, motile rod. The partial 16S rRNA gene sequence showed 100% sequence identity with that of Comamonas testosteroni ATCC 11996 T . C. testosteroni SPB-2 was deposited in the DSMZ as DSM 14802.
We obtained a second bacterium, strain KF-1, that was able to utilize 3-C4-SPC. This strain was isolated from a trickling filter which degraded LAS quantitatively (5). The organism was a gram-negative, motile rod whose partial 16S rRNA gene sequence showed 100% sequence identity with that of C. testosteroni ATCC 11996 T . C. testosteroni KF-1 was deposited in the DSMZ as DSM 14576. C. testosteroni strains KF-1 and SPB-2 showed different colony morphologies when they were grown on Luria-Bertani medium plates (vaulted dense and spreading diffuse colonies, respectively). Both organisms utilized benzoate as a carbon source and seemed to lack meta cleavage of protocatechuate (see below), so they were atypical for C. testosteroni in these characters (12) .
Growth of SPC-degrading bacteria. D. acidovorans SPH-1 was grown in minimal salts medium, which contained 4-C6-SPC (and the minor SPCs) generated from 3-C12-LAS (Table  1) . Comparison of the medium before and after growth (Fig.  6A) showed that only 4-C6-SPC and one minor product from LAS, 4-C6-SPC-2H, were degraded. 6-C8-SPC (Table 1) and other minor products were not utilized. Corresponding to this observation, the residual level of dissolved organic carbon in the culture medium was about 20% of the initial level, which was consistent with the residual peak area. When strain SPH-1 was incubated in the minimal salts medium containing 3-C4-SPC (and the minor SPCs) generated from 2-C12-LAS (Table  1) , only 4-C5-SPC (the product resulting from ␣-oxidation [see above]) disappeared, but 3-C4-SPC, 3-C4-SPC-2H, and 5-C6-SPC were not utilized; 2-C4-SPC also was not utilized when it was tested. The utilization of 4-C5-SPC and 4-C5-SPC-2H by strain SPH-1 was confirmed by analysis of the single growth experiment possible with the small amount of 4-C5-SPC medium, which was generated by using purified 2-C11-LAS (data not shown); no other assays were possible. The organism utilized benzoate, phenylacetate, 2-and 3-hydroxyphenylacetate, 4-hydroxybenzoate, 3,4-dihydroxybenzoate (protocatechuate), 4-phenylbutyrate, and 4-sulfocatechol as sole carbon sources for growth, but it did not utilize 4-sulfophenol, 4-sulfobenzoate, 3-phenylbutyrate, or 4-sulfostyrene.
The R and S enantiomers of 4-C6-SPC were subjected to separation (Fig. 7, inset) with HPLC gradient system III. Strain SPH-1 initially utilized only the putative S enantiomer (Fig. 7) ; then it utilized both enantiomers until the S enantiomer was exhausted, and finally it utilized the residual R enantiomer alone. The molar growth yield (5.3 g of protein/mol of C) FIG. 5 . UV spectra of 3-C4-SPC (A), 3-C4-SPC-2H (B), and 4-styrenesulfonate (C) obtained after separation with gradient system I. 3-C4-SPC and 3-C4-SPC-2H were generated from 1 mM 2-C12-LAS, and the spectra were obtained from separations of 10-fold-diluted (A) and undiluted (B) samples, respectively (Fig. 3A) . The spectrum of 4-styrenesulfonate (C) was obtained after separation of a sample containing 60 M 4-styrenesulfonate.
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indicated that there was quantitative substrate utilization (2). The sulfonate sulfur was released concomitant with growth and was recovered, essentially quantitatively, as sulfate (Fig. 7) . There was thus essentially a complete mass balance for the utilization of 4-C6-SPC, so a minor product (retention time, 8.2 [Fig. 6A ]; UV spectrum of an SPC), which accumulated concomitant with growth, made an insignificant contribution to the total carbon. C. testosteroni SPB-2 (or C. testosteroni KF-1 [data not shown]) was grown in the minimal salts medium containing 3-C4-SPC (and the minor SPCs) generated from 2-C12-LAS (Table 1) . Comparison of the medium before and after growth (Fig. 6B) showed that only 3-C4-SPC and 3-C4-SPC-2H were degraded. 5-C6-SPC and other minor products were not utilized. The level of residual dissolved organic carbon, about 25% of the initial value, corresponded to this observation. When strain SPB-2 or KF-1 was incubated in the minimal salts medium which contained 4-C6-SPC (and the minor SPCs) generated from 3-C12-LAS (Table 1) , 3-C5-SPC disappeared, but 4-C6-SPC, 4-C6-SPC-2H, and 6-C8-SPC did not disappear (data not shown); 2-C4-SPC was also not utilized. Each organism utilized 4-sulfophenol, benzoate, 4-hydroxybenzoate, 3,4-dihydroxybenzoate, and 2-and 3-hydroxyphenylacetate as sole sources of carbon and energy for growth. The organisms did not utilize 4-sulfobenzoate, phenylacetate, 3-or 4-phenylbutyrate, or 4-sulfostyrene; strain SPB-2 utilized 3-phenylpropionate, whereas strain KF-1 did not.
We could not separate the enantiomers of 3-C4-SPC. During exponential growth of strain SPB-2 (specific growth rate, 0.22 h Ϫ1 ) (data not shown) in medium containing 3-C4-SPC derived from 2-C10-LAS, the utilization of 3-C4-SPC (and of 3-C4-SPC-2H) was concomitant with growth and with the excretion of sulfate. Recovery of sulfate (83% of the total sulfonate) and the molar growth yield (6.1 g of protein/mol of C) indicated that there was quantitative substrate utilization and mass balance. The metabolic product, which eluted at 6.4 min (Fig. 6B) , thus represented a negligible amount of carbon.
Tolerance of strains SPH-1, SPB-2, and KF-1 to LAS. The new isolates grew without clumping in a suspension culture with, e.g., succinate as the sole source of carbon and energy. The organisms could grow in the presence of LAS at concentrations up to 0.5 mM, but the growth was accompanied by formation of a biofilm. D. acidovorans SPH-1 tended to form wall growth under these conditions, whereas C. testosteroni strains SPB-2 and KF-1 tended to form clumps. Addition of glass particles (1 mg/ml) to the culture medium containing LAS allowed the organisms to grow with a shorter lag phase; clumping of the glass particles during growth was due to the development of biofilm on the solid support (data not shown). C. testosteroni KF-1 grew in a uniform suspension in 3-C4-SPC-salts medium, whereas strain SPB-2 tended to form clumps, so we largely used strain KF-1 for experiments with whole-cell suspensions (see below).
Mineralization of 3-C12-LAS or 2-C12-LAS in defined twomember communities. P. lavamentivorans DS-1
T utilized 3-C12-LAS as the sole added growth substrate in a single growth phase and excreted largely 4-C6-SPC (and the minor SPCs) with utilization of some sulfate (Fig. 8A) ; the organism grew in a biofilm on glass particles, from which it could be shaken loose for turbidity measurements, as described previously (28, 30) . When D. acidovorans SPH-1 was also present, a two-phase growth curve was observed (Fig. 8B ). In the first phase, LAS was utilized and 4-C6-SPC was excreted, but negligible turnover of the latter compound occurred, as shown by the negligible release of sulfate in the presence of LAS and by the quantitative release of the SPC (at about 3 days). The SPC was utilized quantitatively in the second phase of growth, which appeared to be uncoupled from substrate disappearance (during day 3) but to be simultaneous with release of sulfate (day 4). This was probably due to extreme clumping in the culture, which was not detected as turbidity until the clumps disintegrated and presumably released sulfate. We could not determine growth directly by measuring protein, because there was insufficient 3-C12-LAS to allow an experiment of that magnitude. For the same reason, we could not monitor the behavior of the enantiomers of the SPC (Fig. 7) . Similar experiments were done with 2-C12-LAS, P. lavamentivorans DS-1 T , and C. testosteroni SPB-2. The data for this community also showed that there was two-phase growth with quantitative utilization of both LAS and the corresponding 3-C4-SPC, as well as quantitative release of sulfate (data not shown).
Mineralization of several congeners of LAS in two-and three-member communities. Strain DS-1 T was grown in salts medium containing 1 mM commercial LAS alone, which yielded a mixture of SP(d)Cs (Fig. 2B) , or in the presence of C. testosteroni SPB-2 ( Fig. 2C) or D. acidovorans SPH-1 (Fig. 2D ) or both strains (Fig. 2E) . The initial experiments (see above) indicated that strains SPB-2 and SPH-1 have narrow substrate ranges for SPCs, although the ranges were not as narrow as the single SPC substrate known for the older isolate, D. acidovorans SPB1 (32). Strain SPB-2 utilized only 3-C4-SPC (peak a in Fig. 2 ), 3-C4-SPC-2H (arrow in Fig. 2C) , and 3-C5-SPC (peak c in Fig. 2 ). Strain SPH-1 probably utilized four compounds, 4-C6-SPC (peak d in Fig. 2 ), 4-C5-SPC (peak b in Fig. 2) , and 4-C5-SPC-2H (arrow in Fig. 2D ); 4-C6-SPC-2H, which was also subject to degradation (see Fig. 6A ), was not detected in the chromatograms shown in Fig. 2 . The threemember community degraded precisely the same six SPCs (peaks a to d and arrows) (Fig. 2E) , so neither interference nor synergy among community members was detected.
Oxygenase activities detected in SPC-degrading organisms. Whole cells of D. acidovorans SPH-1 showed 4-sulfocatecholdependent oxygen uptake (0.2 mkat/kg of protein) when they were grown with 4-C6-SPC. No development of a yellow color was detected, which might indicate meta-ring cleavage, and the results were considered to be compatible with ortho-ring cleavage of 4-sulfocatechol. The very limited amounts of biomass from strain SPH-1 available under these conditions precluded further direct experiments. However, strain SPH-1 grown with protocatechuate, phenylacetate, or succinate did not show 4-sulfocatechol-dependent oxygen uptake, so we presumed that the degradative pathway for 4-sulfocatechol is inducible.
3-C4-SPC-grown cells of C. testosteroni KF-1 (or of strain SPB-2 [data not shown]) showed substrate-dependent oxygen uptake after addition of 3-C4-SPC, 4-sulfophenol, 4-sulfocatechol, or protocatechuate (Table 2) but not after addition of 2-C4-SPC, 4-C6-SPC (Table 2) , 4-sulfobenzoate, or benzoate. Substrate disappearance during oxygen uptake was confirmed by HPLC (gradient system I), and all reaction mixtures remained colorless. No substrate disappeared in the absence of oxygen (see below), but addition of oxygen led to a reaction. We inferred that oxygenases were involved in these reactions. The oxygenases were present at usually negligible levels in succinate-grown cells, so we presumed that the enzymes are inducible.
3-C4-SPC oxygenase, 4-sulfophenol oxygenase, 4-sulfocatechol oxygenase, and protocatechuate oxygenase were de- tected when 4-sulfophenol-grown cells of C. testosteroni KF-1 (or strain SPB-2) were examined (Table 2) , whereas protocatechuate-grown cells exhibited a high level of protocatechuate oxygenase only, again with a colorless reaction mixture. Growth with the commercially available 4-sulfophenol allowed preliminary examination of these oxygenases. Cell suspensions incubated under anoxic conditions (N 2 gas phase) did not degrade 3-C4-SPC, 4-sulfophenol, or 4-sulfocatechol until air was added to the reaction mixtures (data not shown), so each reaction presumably involved an oxygenase.
The ortho-ring cleavage of 4-sulfocatechol was confirmed with crude extracts prepared from 4-sulfophenol-grown cells of strain KF-1; extracts from succinate-grown and protocatechuate-grown cells did not catalyze the reaction. Disappearance of 4-sulfocatechol was detected photometrically as a decrease in absorption at 238 and 283 nm, while concomitant formation of 3-sulfo-cis,cis-muconate was detected as an increase in absorption at 257 nm; the same phenomenon was observed by Schulz et al. (32) and by Feigel (7) . Substrate disappearance and product formation were detected by HPLC, as observed by Schulz et al. (32) . The activity of 4-sulfocatechol 1,2-dioxygenase was determined to be about 0.2 mkat/kg of protein at the oxygen electrode. 3-C4-SPC oxygenase and 4-sulfophenol oxygenase activities were not detected in crude extracts.
DISCUSSION
The data show that commercial LAS is converted to about nine major SPCs (and many minor products) by P. lavamentivorans DS-1 T ( Fig. 2A and B) and that each individual LAS congener which we could test was converted to one major SPC (and many minor products) ( Fig. 3 and Table 1 ). When LAS congeners with even chain lengths and the same substitution (position 2 on the chain) were available, the same major SPC was formed (Table 1) , so we presumed that this is true for each relevant substituent position (positions 2 to 6 in Fig. 1 ) and also for the odd chain lengths for all 20 LAS congeners. The data (Table 1) (5, 6) show that ␤-oxidation is the major pathway of chain shortening, as observed repeatedly (31, 35) by authors who formulated the distance principle, which states that the methyl group that is more distant from the sulfophenyl substituent is attacked. Furthermore, where the identity of the SPC has been thoroughly determined, as it has been with 3-C4-SPC from 2-C10-LAS, from 2-C12-LAS, and from 2-C14-LAS (Fig. 3A and Table 1 ) or with 4-C6-SPC from 3-C12-LAS (28), ␤-oxidation stops two and three carbon atoms from the substituent when the attacked portion of the LAS side chain has an even number of carbon atoms and an odd number of carbon atoms, respectively, and there is no evidence of movement of the substituent on the chain. This allows the major SPC generated from each LAS congener by strain DS-1 T to be predicted (Fig. 1) . Thus, there are 11 major SPC products, one C4-SPC and two each for the C5-, C6-, C7-, C8-, and C9-SPCs. Our initial interpretation of Fig. 2B (about nine major products from C4-SPC to C9-SPC) was a conservative estimate. Given the uneven distribution of the positions of the sulfophenyl substituent in commercial LAS ( Fig. 2A) and the generation of SPdCs from the long-chain SPCs (5), largely from C8-and C9-SPCs (Schleheck, unpublished data), the residual amounts of long-chain SPCs are smaller than those of the smaller SPCs.
The metabolism shown in Fig. 1 and 4 implies the presence of a large number of intermediates in P. lavamentivorans DS-1 T , almost none of which have been observed. The (mono)oxygenation of LAS is presumed, because no reaction occurs in the absence of oxygen (35; Schleheck, unpublished). The presumed product of oxygenation (the alcohol) has not been observed, and the aldehyde is presumed from standard biochemical reactions leading to the acid; this SPC has been observed, usually in complex matrices (5, 10, 14) . None of the many thioesters needed for ␤-oxidation has been observed, but the patterns of excreted intermediates (Table 1) , especially the SPC-2Hs, make ␤-oxidation the only option (discussed in reference 5). Much work remains to be done to confirm the biochemical reactions catalyzed by strain DS-1
T . In addition, there is no information on the transport mechanisms involved in bringing LAS to the oxygenase or the excretion of SPCs from the cytoplasm, where the ␤-oxidation enzymes may be expected.
The SPC-2Hs, which we observed (Table 1) , are presumed to carry the ⌬-2 double bond, which arises in ␤-oxidation (Fig.  4 ) and which gives a wider delocalization of electrons and the shift of the UV spectrum to longer wavelengths in the example shown in Fig. 5B (3-C4-SPC-2H ). The fact that 4-C6-SPC-2H and 4-C5-SPC-2H also give this UV spectrum, where the ⌬-2 double bond should not lead to delocalization of electrons into the ring (see Fig. 1 for structures) , shows that these compounds need to be isolated and examined in more detail to establish their identities and their generation.
Whereas most of the LAS was metabolized by strain DS-1 T via the ␤-oxygenation pathway, a small portion (Ͻ5%) may have been subject to ␣-oxidation (Table 1 ). This reaction, however catalyzed, is readily seen in some environmental compartments (23) . ␣-Oxidation can presumably be studied best in an isolated organism which uses the reaction as the major pathway to degrade LAS. Transport systems for organosulfonates are axomatic (11) , and the first transport system for an arenesulfonate is being elucidated in C. testosteroni T-2 (24a, 38). There is no indication yet how LAS is transported into the P. lavamentivorans or how SPCs are exported. Similarly, there is no indication how SPCs are transported into, e.g., C. testosteroni KF-1, or how sulfite and sulfate are exported.
The degradability of SPCs, SPdCs, and the recently discovered SPC-2Hs has been recognized implicitly for many years, because LAS (as shown in Fig. 1 ) is fully biodegradable (21, 22) , and degradative organisms were isolated in laboratories which did not have extensive analytical capabilities to explore their physiology in detail (13, 16, 33) . Schulz et al. (32) found that their isolate, D. acidovorans SPB1, has a very narrow substrate spectrum for SPCs, namely, RS-2-C4-SPC, which are degraded sequentially, the S enantiomer first. The new isolates, D. acidovorans SPH-1 and C. testosteroni strains SPB-2 and KF-1, also have narrow substrate ranges for SPCs, but they seem to degrade three or four compounds each (4-C6-SPC, 4-C6-SPC-2H, 4-C5-SPC, and 4-C5-SPC-2H for strain SPH-1; and 3-C4-SPC, 3-C4-SPC-2H, and 3-C5-SPC for strains SPB-2 and KF-1). D. acidovorans SPH-1 utilizes RS-4-C6-SPC enantiomer specifically, in that the putative S enantiomer is utilized VOL. 70, 2004 MINERALIZATION OF LAS CONGENERS IN DEFINED COMMUNITIES 4061 first (Fig. 7) , and preliminary data from H.-P. E. Kohler (EAWAG, Dübendorf, Switzerland) (personal communication) indicate that C. testosteroni KF-1 utilizes 3-C4-SPC enantiomer specifically. It seems likely that many SPCs are utilized enantiomer specifically, but the mechanisms involved (two enantiomer-specific transport systems and two enantiomer-specific oxygenases, as described by Kohler [19] ) remain to be explored. The degradative pathway(s) for SPCs was the subject of much speculation (3) until Schulz et al. (32) showed the involvement of inducible 4-sulfocatechol 1,2-dioxygenase in the degradation of 2-C4-SPC and Dong et al. (5) found high activity of the enzyme in a mixed culture which degraded SP(d)Cs. The new isolates, strains SPH-1, SPB-2, and KF-1, all express 4-sulfocatechol 1,2-dioxygenase inducibly during degradation of the appropriate SPC (Table 2 ; see Results), so we consider it highly likely that all SPCs are degraded via 4-sulfocatechol and the ortho pathway elucidated by Feigel and Knackmuss (1, 8) , whose central reactions, including desulfonation, are shown in Fig. 4 . Further work on this ortho pathway showed that the ring cleavage enzyme of Hydrogenophaga intermedia S1 is almost identical to the 3,4-dihydroxybenzoate 3,4-dioxygenase in the same organism; whereas the 3,4-dihydroxybenzoate dioxygenase cleaves only 3,4-dihydroxybenzoate, the 4-sulfocatechol 1,2-dioxygenase can cleave both 3,4-dihydroxybenzoate and 4-sulfocatechol (1). The same phenomenon is observed in C. testosteroni KF-1 (Table 2 ) and in strain SPB-2.
The shortages of SPCs and 4-sulfocatechol led us to explore 4-sulfophenol as a potential, commercially available growth substrate with which to obtain 4-sulfocatechol-1,2-dioxygenase. Whereas strain SPH-1 failed to grow, strains SPB-2 and KF-1 grew with 4-sulfophenol and expressed 4-sulfocatechol 1,2-dioxygenase (Table 2) . Presumably, 4-sulfophenol is oxygenated by a 4-sulfophenol 2-monooxygenase (Table 2 ) to 4-sulfocatechol. This is the first demonstration of a degradative pathway for 4-sulfophenol, whose degradation was first observed in the 1960s (36) .
Growth of C. testosteroni KF-1 (or strain SPB-2) with 4-sulfophenol gratuitously induces the 3-C4-SPC oxygenase(s) (Table 2). The simplest degradative pathway for 3-C4-SPC that we can postulate is oxygenolytic cleavage of the side chain to yield 4-sulfophenol and a C 4 carboxylic acid. The latter compound is utilized for growth, as indicated by the molar growth yield for 3-C4-SPC (about 6 g of protein/mol of C). 4-Sulfophenol is oxidized via 4-sulfophenol 2-monooxygenase. We know of no precedent for the reaction postulated for 3-C4-SPC, except the cleavage of 2-C4-SPC in strain SPB1 (32) and the corresponding reactions with 3-C4-SPC in strain SPB-2 and with 4-C6-SPC in strain SPH-1 (this paper). This inducible reaction is not yet available cell free.
C. testosteroni KF-1 grew uniformly in suspended cultures with 3-C4-SPC, 4-sulfophenol, and compounds like benzoate, but when small amounts of LAS, which the organism does not attack, were added to the culture, the organism started to form a biofilm. Presumably this is a stress response, which is also detected in strains SPB-2 and SPH-1. P. lavamentivorans DS-1 T degrades LAS only when it can form a biofilm, so the biofilm in LAS-degrading cocultures of, e.g., strains KF-1 and DS-1 T is presumably contributed to by both organisms.
The representative degraders of SPCs, strains SPH-1 and KF-1 (or strain SPB-2), degrade 4 ( Fig. 2E ) of the 11 major SPCs (Fig. 1) produced from commercial LAS by strain DS-1 T . These four degraded SPCs thus represent the main products from 8 of the 20 LAS congeners. If this specificity of SPC degraders is generally true, at least four more organisms are needed to degrade the other major SPCs that are detected. We have no evidence for the degradation of SPdCs under these conditions (Fig. 2) , so many more organisms are presumably needed to degrade the minor components of the mixture of compounds generated from LAS by strain DS-1 T . The ready biodegradability of commercial LAS masks a complex community of microorganisms and many poorly understood biochemical reactions.
